The contribution deals with the numerical simulation of compressible flow through the tipsection turbine blade cascade with the supersonic inlet boundary conditions. The simulation was carried out by the in-house numerical code using the explicit algebraic Reynolds stress model completed by the bypass transition model with the algebraic equation for the intermittency coefficient. The simulation was focused particularly on the shock-wave/ boundary layer interaction resulting in combination of the bypass transition and the separation induced transition.
Introduction
The contribution deals with calculation of the compressible flow in the linear blade cascade TR-U-6 representing the tip-section of the rotor blade of the last stage of a high-power axial steam turbine produced by the Doosan Škoda Power company. An attention is paid to the sensitivity of the flow field on the incidence angle and the inlet turbulence intensity.
Because of the supersonic inlet condition, the boundary layer on the pressure side interacts with the frontal shock wave while the boundary layer on the suction side interacts with the inner branch of the outlet shock waves. Therefore, the model of bypass transition and separation-induced transition is used in this work for modelling of the laminar-turbulent boundary layer transition.
Due to large diameter of the tip-section and corresponding high circumferential speed with respect the velocity triangle, the blade profile is curved oppositely. It means that the suction side is concave and the pressure side is convex as shown in Fig. 1 . Note that the rotation axis of turbine is parallel to the x axis in Fig. 1 . This configuration results in a relatively complicated flow structure changes in the blade cascade at a small change of inlet flow conditions. Table 1 shows values specifying the flow regimes. Calculation of flow was performed for three values of the incidence angle ι 1 and three values of the inlet turbulence intensity Tu 1 . The incidence angle is measured from the nominal inlet angle α 1n (see Fig. 1 ). In general, the influence of the blade profile in case of the tip-section blade cascade -under the supersonic inlet condition -extends far forward upstream of the cascade. In such case it is appropriate to place the inlet boundary of the computational domain far enough in front of the blade cascade. Unfortunately, the flow path from the inlet boundary to the leading edge is very long due to high value of the nominal inlet angle α 1n . This fact makes it difficult to prescribe the inlet turbulence intensity. A quite high value of the turbulent Reynolds number Re t = µ t /µ was prescribed at the inlet boundary for suppression of turbulence decay along the long flow path from the inlet boundary to the leading edge. Note that high value of the turbulent Reynolds number Re t corresponds to a low dissipation rate of the turbulent energy. 
Turbulence model
The two-dimensional flow of a perfect gas through the blade cascade is considered. The compressible viscous turbulent flow is described by the system of the Favre-averaged Navier-Stokes equations. The system of the governing equations is closed by the two-equation k-ω nonlinear turbulence model with an explicit algebraic relation for the Reynolds stress tensor proposed by Hellsten [1] ( ) ( )
Algebraic bypass-transition model
The turbulence model is completed by the boundary-layer transition model which is based on an algebraic equation for the intermittency coefficient. The transition model is based on the concept of different values of the intermittency coefficient in the boundary layer γ i and in the free stream γ e . The intermittency coefficient in the boundary layer is given by the relation ( )
proposed by Narasimha [2] . The transition onset location is denoted by Reynolds number Re st is given by the transition onset criterion Re θt and a product n σ controls the length of the transition region. Empirical correlations for Re θt and nσ depending on the free-stream turbulence intensity and on the longitudinal pressure gradient are described by Příhoda et al. [3] .
Model of separation-induced transition
In case of transition in the separation bubble the Reynolds number Re st is given according to Mayle [4] by relation ( )
where Re s sep is the Reynolds number based on distance of the separation location from the leading edge and Re θsep is the momentum Reynolds number at the separation location. For the length of the transition region we can use the correlation proposed by Walker [5] 1 34
Rê nσ (5) and so the same approach can be applied as in the attached flow.
Modification of governing equations and turbulence model
The turbulent viscosity µ t , production and destruction terms of the turbulent energy P k , D k are modified by the intermittency coefficient γ as follows: a) in system of the Favre-averaged Navier-Stokes equations the turbulent viscosity µ t is replaced by γµ t , b) in equation (1) the production term P k is replaced by γP k and the destruction term D k is replaced by γD k .
Numerical apparatus
The in-house numerical code was used in the current work. The system of governing equations is discretized using the cell-centered finite volume method on a structured multiblock quadrilateral mesh. The inviscid numerical fluxes are calculated using the exact solution of 1D Rieman problem in the normal direction to the cell edges. The viscous numerical fluxes are calculated using a central scheme on a dual mesh. Higher order of accuracy in space is obtained using 2D linear reconstruction with a slope limiter. In case of steady flow the temporal discretization is performed using a first order backward differentiation formula. In case of unsteady flow (regimes with massive unsteady separation on suction side) the second order backward differentiation formula realized in a dual iterative process is used instead.
At the outlet boundary, an integral value of the static pressure p 2 was prescribed. At the inlet boundary, the total pressure p 01 , the total temperature T 01 , the incidence angle ι 1 , the turbulence intensity Tu 1 and the turbulent Reynolds number Re t1 were prescribed. Non-slip boundary condition without heat transfer in normal direction was prescribed at the blade surface.
Computational domain
In Fig. 2 there are shown scheme of the computational domain and detail of the computational mesh near the leading and the trailing edge. The inlet boundary is placed approximately 3.5 times pitch in xdirection upstream of the leading edge, similar the outlet boundary is placed approximately 3.5 times pitch in x-direction behind the trailing edge. The computational mesh containing 91,775 quadrilateral cells consists of the O-type block around the blade profile and the H-type block which covers one pitch of blade cascade (see fig. 2 ). Size of cells close to the profile is chosen so as to ensure at least five cells in viscous sublayer. o . The supersonic region of the inlet flow field is closed by the frontal shock wave before the leading edge. The intensity of this shock wave increases with increasing incidence angle.
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The effect of the incidence angle on the flow field behind the blade cascade is that presence and intensity of the frontal shock wave in front the leading edge has an impact on the loss of the total pressure behind the blade cascade as shown in Fig. 4 . The pitch-wise distribution of the total pressure losses is shown in Fig. 4 . The traversing line is in the distance x tr /t = 0.165 behind the trailing edge (see Fig. 1 ). It is evident that in case of the incidence angle ι 1 = +0. Table 2 : Dependence of the inlet Mach number on the incidence angle
Effect of inlet turbulence intensity
The effect of the inlet turbulence intensity is shown in Fig. 5 . In left part of Fig. 5 there is shown a detail of the frontal shock wave interaction with boundary layer on the pressure side of the neighbouring blade.
In right part of fig. 5 there is shown the behaviour of the velocity profile in the boundary layer on the pressure side near behind the frontal shock wave at 82% of the chord. It can be seen that for the inlet turbulence intensity of 0.5% the boundary layer on the pressure side is separated due to interaction with the shock wave. The separation starts at 70.5% of the chord and the separation bubble is long ∼ 0.15c. No unsteady behaviour of the separation bubble was detected during the calculation, even with setting of the solver for unsteady calculation.
On the other hand it may be noted that RANS approach is not always able to predict correctly behaviour of separation bubble. In cases of the inlet turbulence intensity 1.5% and 3.5%, the frontal shockwave does not cause separation of the boundary layer, although the velocity profile behind the interaction has the inflexion behaviour. 
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The reason for different behaviour of the boundary layer on the pressure side under the interaction with the frontal shock wave is the different state of the boundary layer before interaction. Whilst in case of the inlet turbulence intensity 0.5% the boundary layer on the pressure side remains laminar until the interaction with the shock wave, in cases with the inlet turbulence intensity 1.5% and 3.5% the boundary layer before the interaction is fully developed turbulent. The distribution of the skin friction coefficient C f on the pressure side of the blade is shown for inlet turbulence intensities Tu 1 = 0.5 and 1.5% in Fig. 7 . The course of C f corresponds to the distributions of the momentum Reynolds number Re θ and intermittency coefficients γ byp and γ sep . In case of the lower inlet turbulence intensity, the separation is evoked at the distance s/s max ≈ 0.7 from the leading edge and the length of the separation region is about 0.15 s max . For the inlet turbulence intensity Tu 1 = 1.5%, the bypass-transition onset at s/s max ≈ 0.2 and the interaction of the frontal shock wave with the boundary layer at s/s max ≈ 0.75 can be recognized. This interaction is as well attended by the rapid increasing of the momentum Reynolds number as it is seen in Fig. 6 .
Conclusion and future work
The calculation of transonic flow in the tip-section turbine blade cascade TR-U-6 has shown a high sensitivity to the incidence angle when a small variation of the incidence angle in the order of tenths of a degree causes a big change in the configuration of the inlet flow field. Furthermore, it was shown that low inlet turbulence intensity leads to the boundary layer separation on the pressure side of the blade under the interaction with the frontal shock wave. In the calculation, no unsteady behaviour of this separation has been detected.
It is evident that it is necessary to take into account the model of the boundary layer transition when calculating transonic flow with shock-wave/boundary-layer interaction. Due to the high sensitivity to the incidence angle, it would be appropriate to verify the response of the flow field to an excitation due to time/space variation of the incidence angle.
